The distribution of coronary flow to small segments of the entire left ventricle (96 per dog; average weight = 0.78 g) was studied in 28 open-chested dogs utilizing 7-10 g labeled microspheres. Although the flow to large areas of the ventricle was nearly evenly distributed, there was considerable heterogeneity of flow to small adjacent segments of myocardium (average standard deviation of the flow distributions was 17.3 + 3.2% of mean flow). Approximately one-half of the measured heterogeneity of flow could be attributed to various extraneous factors, and one-half appears to be due to inherent heterogeneity of flow in the left ventricular myocardium. In ten of 28 dogs, the mid-circumflex coronary was suddenly occluded, and five minutes thereafter the distribution of left ventricular flow was determined with microspheres labeled with a different isotope. The ischemic segments were separated into three groups: severely ischemic, moderately ischemic, and borderline ischemic. The three dimensional geometry of the acutely ischemic myocardium was analyzed, and four general conclusions were reached. 1) The percent distribution of severely ischemic segments, moderately ischemic segments, and borderline ischemic segments within an ischemic region varies from animal to animal. 2) Subendocardial segments were more frequently and more severely affected than neighboring mid-wall or epicardial segments. 3) No evidence of an "hyperperfused zone" of myocardium surrounding the ischemic area was found. 4) The flows to segments immediately adjacent to the severely ischemic segments were heterogeneous. Therefore, the concept of a geometrically clearly defined "buffer zone" of moderately ischemic myocardium surrounding and separating severely ischemic from normally perfused myocardium no longer seems realistic.
AN ACUTELY ISCHEMIC AREA is traditionally pictured as a central area of severe ischemia separated from normally perfused myocardium by a geometrically well defined "buffer zone" of moderately hypoperfused myocardium. Many experimental studies'-' utilizing a variety of experimental techniques have provided support for this concept by demonstrating that alterations in blood flow, tissue P02, and morphology to border zones of a hypoperfused area are less than those observed in the severely hypoperfused center. Several authors have also suggested4-' that there is a "hyperperfused zone" of myocardium between the moderately ischemic myocardium and the normally perfused myocardium. In this investigation we studied the geometry of acutely ischemic myocardium and re-examined the concept of a geometrically well-defined "buffer zone"
and a "hyper-perfused zone" from a three-dimensional point of view. Methods
General
Twenty-eight adult mongrel dogs of both sexes weighing 19.0 ± (SE) 0.6 kg were anesthetized with sodium pentobarbital, 25 mg/kg, i.v. Respiration was maintained by a Harvard respirator and a cuffed endotracheal tube. Periodic hyperinflation was performed to prevent atelectasis. The heart was exposed via a midsternal thoracotomy. With limited dissection either an inflatable balloon cuff or a loose ligature was placed around the mid-circumflex coronary artery. Heparin (250 units/kg, i.v.) was administered, and cannulae were placed in the right brachial and right femoral arteries and the left atrial appendage. Polyurethane catheters (#8 French) were placed in the ascending aorta and left ventricle by retrograde catheterization. Arterial and left ventricular pressures were measured with Statham P23 db strain gauges. Left ventricular dp/dt was determined from the left ventricular pressure tracing by means of an RC differentiation circuit. Electrocardiogram and pressure signals were recorded on an Electronics for Medicine DR 12 multichannel photographic recorder. Microspheres 7-10 p in diameter labeled with`1Ce, 65Sr, 5`Cr, and 46Sc were used. For each flow measurement between 1.9 X 106 to 19.4 X 106 microspheres were suspended in between 0.1 and 3.1 cc of saline and injected over a 10 second period into the left atrium, and the cannula was then immediately flushed with 5 cc of saline. Prior to injection, the vial containing the microspheres and one drop of Tween-80 was vigorously blood flows of greater than the log mean minus two standard deviations of the " index-normal" segments. Borderline ischemic segments had blood flows between the log mean minus two standard deviations and the log mean minus four standard deviations of the index-normal segments. The moderately ischemic segments had blood flows of less than the log mean minus four standard deviations but greater than 25% of the mean flow of all normally perfused segments. The severely ischemic segments had blood flows of less than the log mean minus four standard deviations and 25% or less than the mean flow of all the normally perfused segments. When this scheme was applied to 25 perfusion distributions prior to coronary occlusion, no segments were classified as severely ischemic or moderately ischemic. The average number of segments classified as borderline ischemic was only 1.23 ± 0.3. When our classification scheme was applied to perfusion distributions following mid-circumflex coronary occlusion, a cluster of moderately and/or severely ischemic segments in the posterior wall of the ventricle was invariably identified. Segments classified as borderline ischemic were frequently, but not always immediately, adjacent to this cluster of ischemic segments.
Results

Blood Flow Distribution Prior to Coronary Occlusion
Blood flow to large areas of the left ventricle. The average left ventricular blood flow prior to coronary occlusion in the initial group of 25 animals was 92 + 5.3 cc/100 g per minute. To facilitate comparison of the distribution of flow between animals, the flow for each segment was normalized in the following manner. For each dog, each segmental flow X 100 was divided by the mean flow of all segments for that dog. Thus, each segmental flow was expressed as a percentage of the respective mean flow in each dog. These segments were divided into three major groups and 11 subgroups: levels -A, B, C, and D; layers -epicardium, mid-wall, and endocardium; and walls -anterior, posterior, lateral, and septal ( fig.  1 ). The mean percentage flow for each subgroup was computed, and the individual means for all 11 subgroups of the 25 dogs were analyzed utilizing an analysis of variance. This analysis indicated that the shown on left.
distribution of flow to the left ventricle, as determined by 7-10u microspheres, is not evenly distributed. The entire apex (level D) and the endocardium get slightly more flow per gram than the remaining portions of the ventricle. Although these differences are statistically significant (P < 0.05), the magnitude of the differences was less than 10% of the mean. Endocardium/epicardium ratios. The endocardium/epicardium ratio was computed by dividing the flow to the endocardial segment by the flow to its respective epicardial segment. These ratios were then divided into two major groups and eight subgroups: levels -A, B, C, and D, and walls -anterior, posterior, lateral, and septal. The only significant difference in the endocardium/epicardium ratios was that the two lower levels of the ventricle had significantly lower endocardium/epicardium ratios than the upper levels of the ventricle (Level A:1.20 ± 0.03; Level B:1.17 ± 0.02; Level C:1.08 ± 0.03; and Level D:0.98 ± 0.03 [F = 27.02, P < 0.001]).
Heterogeneity of flow to small adjacent segments.
The distribution of flow in a single animal is shown in figure 3 . Plots utilizing this format made for an additional 24 dogs were similar to the one shown. Occasionally, the flow to a single segment was extremely high (greater than 3.5 standard deviations from the mean). The number of such segments averaged 2 ± 2 in 25 studies. Since extremely low flows were rare, these infrequent high flows may reflect a small degree of clumping of the microspheres. These high flow segments (greater than 3.5 standard deviations from the mean flow) were deleted, and the standard deviations of the remaining segments (98% of the total) was calculated. (If a segment was deleted in this analysis it was also deleted in subsequent analyses if additional batches of spheres were injected.) To facilitate comparison of variability in segment-tosegment flow from animal to animal, the relative dispersion of the flows was expressed by dividing the The mean changes in heart rate, blood pressure, left ventricular end-diastolic pressure, and peak left ventricular dp/dt are shown in table 1 Three Dimensional Geometry of Ischemic Myocardium Figure 4 shows a typical three dimensional reconstruction of three ischemic areas of myocardium following mid-circumflex coronary occlusion in three animals. Similar distributions were observed in seven additional studies. The geometry of the ischemic area is complex; it has a central ischemic core with multiple segments attached to the core. Gradients of flow between severely ischemic segments and normally perfused segments are quite variable. Some severely ischemic segments are immediately adjacent to normally perfused segments; other severely ischemic segments are separated from the normally perfused segments by myocardium which has borderline perfusion. Figure 5 shows the distribution of each of the three groups of ischemic segments in different layers of the myocardium. Most The proportion of the left ventricle that was classified as severely ischemic, moderately ischemic, borderline ischemic, or normally perfused, following coronary occlusion, was determined as follows. In. each dog, the sum of all of the weights of segments classified as sever.ely ischemic, moderately ischemic, borderline ischemic, and normally perfused X 100 was divided by the total weight of the left ventricle.
rounding the ischemic area was present (table 3) . When the mean flow of the normally perfused segments adjacent to the ischemic area was compared with the mean flow of the normally perfused segments distant from the ischemic area, no evidence of a "hyperperfused zone" surrounding the ischemic zone was found.
For the severely ischemic, moderately ischemic, and borderline ischemic segments, we analyzed the distribution of flows in the immediately surrounding segments so that the gradients of flow could be quantitated ( fig. 6 ). Ischemic segments in all three classifications were surrounded by neighboring segments in some cases normally perfused, in others, borderline ischemic, moderately ischemic, or severely ischemic. Thus, the gradients of ischemia around a severely ischemic segment were variable.
The endocardium/epicardium ratios were computed for the four groups of segments (normal, borderline ischemic, moderately ischemic, and severely ischemic) for each dog that had coronary occlusion. All possible endocardium/epicardium ratios were computed for severely ischemic, Distribution of severely ischemic segments, moderately ischemic segments, and borderline ischemic segments in different layers of the ventricular wall. The most severely ischemic segments were frequently in the subendocardial and mid-walls (panel A), and over-all, subendocardial segments were more frequently ischemic than epicardial segments (panel D moderately ischemic, and borderline ischemic segments. For the normally perfused segments, the endocardium/epicardium ratio was only computed if both the endocardial segment and its respective epicardial segment had perfusions which were in the normal range. The average endocardium/epicardium ratios for pairs of segments containing severely ischemic, moderately ischemic, borderline ischemic, and normally perfused segments were 0.59 ± 0.13, 0.59 ± 0.07, 0.72 ± 0.06, and 1.08 ± 0.04 (F = 7.87 [P < 0.001]), respectively. The data suggest that even within a small area of the myocardium the degree of ischemia is frequently more severe in the endocardial layers.
Discussion
The primary contributions of this investigation are: First, the flows to small myocardial segments immediately adjacent to a severely ischemic segment are heterogeneous. Therefore, the concept of a geometrically well defined "buffer zone" of moderately ischemic myocardium surrounding and separating severely ischemic myocardium from normally perfused myocardium no longer seems realistic. Our data do not exclude the possibility that a very thin shell of moderately ischemic myocardium perhaps 1 or 2 mm in thickness does not separate severely ischemic myocardium from normally perfused myocardium.
Second, no "hyperperfused zone" of myocardium surrounding the ischemic area could be identified.
Other investigators who have suggested the presence of such a "hyperperfused zone''4 5did not fully analyze the segment-to-segment variability in the normally perfused myocardium and based their conclusions on a qualitative impression of their data rather than a statistical analysis. In the present study, although many hyperperfused segments were found in the rim of myocardium surrounding an ischemic area, the number of these segments was not greater than that found in the areas of normally perfused myocardium distant from the ischemic area. Our data do not exclude the possibility that a very thin shell of "hyperperfused" mvocardium (1-2 mm) separates ischemic myocardium from normally perfused myocardium.
In addition this study has confirmed results previously obtained in other laboratories4',-' in the following areas. The distribution of flow to large areas of the left ventricle prior to coronary occlusion is nearly evenly distributed.
Following coronary occlusion, subendocardial segments were more severely and more frequently ischemic than neighboring mid-wall or epicardial segments.
Several aspects of this investigation warrant a more detailed discussion. These are: 1) heterogeneity of blood flow to the left ventricle, 2) identification of ischemic segments, and 3) size and composition of the ischemic area following mid-circumflex coronary occlusion.
Heterogeneity of Flow to Small Adjacent Segments of the Left
Ventricle
The measured heterogeneity of flow to the small adjacent segments of the myocardium is due to at least five separate factors (table 4) . The relative contribution of each of these factors can be independently evaluated.
The presence of variable amounts of nonmuscle tissue in the ventricular segments is one source of variability. The flow to some of these nonmuscle constituents of the ventricular segments (coronary vessels and epicardial fat) has been shown to be much less than that to cardiac muscle.'0 Even if the ventricular segments are carefully trimmed, the endocardial, and Two other factors that contribute to the total variance are 1) variability due to the number of spheres`1 in each myocardial segment, and 2) variability due to counting errors. Studies in our laboratory' have shown also that about 3% of the *The variability of the flows to the endocardial, mid-wall, and epicardial segments was calculated for each of the 25 dogs in this study by computing the standard deviation of the flow distribution to the endocardial, mid-wall, and epicardial segments of each dog. These standard deviations were then normalized by dividing each standard deviation X 100 by its representative mean flow. The average normalized standard deviation for the epicardium, midwall, and endocardium was 19.2 ± 1.1%, 13 in a ventricle with unimpaired coronary circulation. Thus, a 50% decrease in regional flow is a reasonable lower limit to use in selecting an "index-normal" group of segments.
The distribution of perfusions to these "indexnormal" segments provided us with a reasonable estimate of the heterogeneity of flow to normally perfused segments in each experiment. Utilizing this information, the separation of ischemic and normally perfused segments could easily be accomplished with standard statistical techniques. Two independent analyses suggest that with this approach a reasonably clear separation of normally perfused segments from ischemic segments is accomplished. First, when the selection process is applied to normal perfusion distributions, ischemic segments are rarely identified. Secondly, the segments immediately adjacent to the ischemic area have a mean flow and variance which is nearly identical to the mean flow and variance of segments far removed from the ischemic area (table  3) .
The subdivision of ischemic segments into severely ischemic, moderately ischemic, and borderline ischemic segments is somewhat arbitrary, since the observed perfusion deficit within the ischemic area was a continuum ranging from near zero flow to near normal. Probably most of the severely ischemic segments given sufficient time would eventually show signs of necrosis. The final outcome of the moderately ischemic and borderline ischemic segments is less predictable, and it is likely that one or two of the segments in each ischemic area classified as borderline ischemic were at the lower end of the normal range.
One of the drawbacks of our method of identifying ischemic segments is that it requires considerable mathematical manipulation of the segmental flows, which is best accomplished with a small computer. However, the method is ideally suited for studying the three dimensional geometry of ischemic myocardium, because the ischemic area has no predetermined location, and hence its geometry is not confined by some predetermined notion concerning its probable location.
Size and Composition of the Ischemic Area
The size of the total ischemic area was variable (8.4%-33.7% of the total left ventricular weight), and within the ischemic areas the proportion of segments classified as severely ischemic, moderately ischemic, and borderline ischemic was also extremely variable (table 3) . This variance is probably due to the variability of coronary anatomy and native collateral channels in mongrel dogs. Although Becker4 obtained similar results after ligation of multiple diagonal branches of the left anterior descending coronary artery, our data demonstrate that even after occlusion of a single large coronary vessel (more like clinical myocardial infarction), the size and composition of an ischemic region varies markedly. This source of variability may affect the outcome of studies designed to look at the efficacy of various interventions to salvage myocardium following coronary occlusion.
